~ ®
Lo
T~

NASA Technical Memorandum 102617

USING TRANSONIC SMALL DISTURBANCE
THEORY FOR PREDICTING THE AEROELASTIC
STABILITY OF A FLEXIBLE WIND-TUNNEL

MODEL

Walter A. Silva and Robert M. Bennett

March 1990

‘N90-20047

(NASA-TH-102617) USING TRANSONIC S¥all
JISTURBANCE THEORY FOR PREUICTING THE
AFROLLASTTC STAPILITY OF A SLEXIoLE sl o014 uncl as
INP-TUNNEL MNDFL (NASA) 13 €3 :

W INA-TUNNEL (NAS P 63/62 0271137

NASA

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23665-5225



g




USING TRANSONIC SMALL DISTURBANCE THEORY

FOR PREDICTING THE AEROELASTIC STABILITY
OF A FLEXIBLE WIND-TUNNEL MODEL

Walter A. Silva* .
Lockheed Engincering and Sciences Company
Hampton, VA 23666

Robert M. Benneut**
Unstcady Acrodynamics Branch
NASA Langley Research Center
Hampton, VA 23665-5225

ABSTRACT

The CAP-TSD (Computational Acroclasticity
Program - Transonic Small Disturbance) code, developed
at the NASA - Langley Rescarch Center, is applied to the
Active Flexible Wing (AFW) wind-tunnel model for
prediction of the model's transonic acroclastic behavior.
Static aeroelastic solutions using CAP-TSD are
computed. Dynamic (flutter) analyses are then performed
as perturbations about the static acroclastic deformations
of the AFW. The accuracy of the stalic aeroclastic
procedure is investigated by comparing analytical results
1o those from previous AFW wind-tunnel cxperiments.
Dynamic results are presented in the form of root loci at
different Mach numbers for a heavy gas and air. The
resultant flutter boundaries for both gases are also
presented. The effects of viscous damping and angle-of-
attack, on the flutter boundary in air, are prescnted as
well.

INTRODUCTION

An understanding of the acroclastic behavior of flight
vehicles in the transonic regime is of great importance for
flight safety. For example, it is well known that aircrafl
flying into or through the transonic rcgime may encounter
a region of reduced flutter spced known as the transonic
flutter dip. Valuable insight into the naturc of this
transonic flutter dip phenomena is provided by Isogai1 for
a two-dimensional airfoil, while comparison of
acrodynamic theory with thc expcriments reported by
Davis and Malcolm? reveal the limitations of lincar
thcory applicd in the transonic regime. Lincar
acrodynamics, although highly successful in the subsonic
and supcrsonic rcgimes, cannot normally be used 1o
accurately predict  transonic acroclastic bchavior,
Transonic flow equations capablc of modclling flow
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nonlincaritics (shocks, boundary layer, separation and
vorticity) and boundary condition nonlinearities (airfoil
thickness and shape, and large  deflections) must then
be solved. The surveys by Edwards and Thomas3 and
Ballhaus and Bridgcman4 review recent computational
developments in the ficld of transonic aeroelasticity.
Some of these developments include modelling of the
Navier-Stokes cquations5 and the Euler equations6 for
flutter analysis. Application of these higher order
formulations, however, has primarily been limited to two-
dimensional configurations, due to the large
computational costs incurred. Certain assumptions
rcgarding the flow can be made to yicld reduced order

formulations such as the full-potential equation’ and the
computationally cfficicnt transonic small-disturbance
(TSD) cquation. Rescarch efforts involving the TSD
formulation include the devclopment of the XTRAN3S
codc8, the work by Yang, Guruswamy, and Slri7.9, and
many others.

A transonic acrodynamics code known as CAP-TSD
(Computational Acroelasticity Program-Transonic Small
Disturbance) has been developed at the NASA - Langley
Research Center (LaRC). CAP-TSD is capable of
handling multiplc lifting surfaces with control surfaces,
bodies (nacelles, pylons, stores), vertical surfaces, and a
fusclage, and solves the TSD cquation using an cfficient
approximate factorization schemel0. References 11-12
verificd the code's ability to accurately predict steady and
unstcady pressures for wings and configurations at
subsonic, transonic, and supcrsonic Mach numbers.
Flutter prediction using CAP-TSD for two thin, swept-
and-tapered wings compared well with experimental flutter
results!3. The goal of the present study was 1o define the
transonic flutter boundary of the Active Flexible Wing
(AFW) wind-tunncl modcl14:15, for use as guidance
during flutter testing, and to evaluate CAP-TSD's flutter
prediction capability for a complete and realistic aircraft
configuration.

The Active Flexible Wing (Fig. 1) model is a full-
span, sting-mountcd wind-wnnel model designed and built
by thc Rockwell International Corporation. Thc main
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Fig. 1 The AFW in NASA-LaRC's Transonic
Dynamics Tunnel (TDT).

goal of the present AFW project is to design, implement
and validate digital control laws for flutter suppression16
and roll maneuver load alleviation. A priori knowledge of
possible regions of instability are, therefore, crucial.

This paper first presents the computational procedures

incorporated in CAP-TSD. This includes a brief
description of the TSD formulation and the coupled
acrodynamic and structural equations of motion that are
integrated in time. These equations arc used for both
slatic aeroclastic and dynamic analyses of the AFW. An
important conclusion of the studics by Yatcs, Wynne, and

Farmer!7 and Yates and Chu!8 was that the accuracy of
the transonic fluticr prediction is highly dependent on the
accuracy of the static acroclastic state of the wing. As a
result, a procedurc for computing static acroelastic
deformations is presented. The dynamic behavior is
computed as a perturbation about previously computed
static acroelastic solutions. The resultant dynamic time
historics of the gencralized displacements are then
analyzed using a modal identification technique to
estimate the stability parameters (root locus) of the
system at a given Mach number and dynamic pressure.
Dynamic results arc presented in the form of root locus
excursions at different Mach numbers in a hcavy gas
(Frcon-12) and in air. Flutter boundarics for the heavy
gas and air, variations in anglc-of-attack and viscous
damping, and comparisons with experimental flutter
results are also presenied.

COMPUTATIONAL PROCEDURES

In this scction, an overvicew of the computational
procedures is presented including a description of the
CAP-TSD program, the acroclastic cquations of motion,
the time-marching solution of these cquations, and the
modal identification of the resulting free decay transicnts.

CAP-TSD Program

The CAP-TSD program is a finite-difference program
which solves the general-frequency modified transonic
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small-disturbance (TSD) equation. The TSD potential
equation is defined by

M2 (6, + 26, ), = [(1 - M2 )0, + Fo +Go, ], +
© + Hox0y )y + @, ) )

‘where Mo, is the Mach number and ¢ is the disturbance

velocity potential.

Several choices are available for the coefficients F,
G, and H depending upon the assumptions used in
deriving the TSD equation. For transonic applications,
the coefficients are herein defined as

F=-%(7+1)M3.

G=1g-mM2,

\N|~—-

H=-(y- 1) M2 (2)

The linear potenual equation is recovered by Slmply
setting F, G, and H equal to zero.

Equation (1) is solved within CAP-TSD by a time-
accurate approximate factorization (AF) algorithm

developed by Batinal0. In Refs. 10 to 12, the AF

algorithm was shown to be efficient for application 1o

steady or unsteady transonic flow problems. It can

provide accurate solutions in only several hundred time
steps yielding a significant computational cost savings
when compared to altemative methods. Several algorithm
modifications have been made which improve the

stability of the AF algorithm and the accuracy of the

results19:20,  The CAP-TSD program can treat
configurations with combinations of lifting surfaces and
bodies including canard, wing, tail, control surfaces, tip
launchers, pylons, fusclage, stores, and nacellcs.

The configuration capability of the current version of

CAP-TSD permits the calculation of pressurcs on the

fusclage and bodies. In the present study, modal

perturbations of the fusclage and bodies arc not included
in the boundary conditions and the intcgration of the
pressures for the generalized acrodynamic forces of the

fusclage and bodies are not included in the aeroclastic

solution. However, the acrodynam:c influence of both
the fusclage and wing tip body of the AFW model arc
included as interference effects upon the wing pressures.

Equations _of Moti

The acroclastic cquations of motion arc bascd on a

right-hand orthogonal coordinate system with the x-

dircction defined as posmve downstream, y-dircclion
positive out the right wing, and the z-direction positive
upward. The equations of motion may be written as

Mg+ Cq+Kq=Q (3)



where q is a vector of generalized displacements, M is the
generalized mass matrix, C is the damping matrix, and K
is the stiffness matrix. Q is the vector of generalized
forces where its elements arc defined by

2
U Aph;
Q= P__ng' a8
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and Ap is the lifting pressure, p is the fluid density, cr is
the root chord, U is the freestream velocity, S is the arca
of the lifting surface(s) and h; is the vibration mode

shape. Equation (3) is rewrillen as
4=M'Kq-M'cg+M'Q @

to permit integration of the cquation with respect to time,
Time-Marchi ! lastic _Soluti

The aeroelastic solution procedure implemented
within CAP-TSD for integrating Eq. (4) is similar to that
described by Edwards, Bennctt, Whitlow, and Scidel21.
Equation (4) is composed of normal mode equations
which may be expressed in lincar, first-order state-space
form as

X, = Ax, + By (6))
where
= [ - 1T
xi = qi q‘]
and
0 17
A=

= 2
u = j'Acp h, dS/c2

Ap

- AC, =
2
pU/2

In thesc definitions, m;, ¢, and k; arc clements of the

mass, damping, and stiffness matrices, respectively,
corresponding to mode i. The analytical solution to Eq.
(5) and a description of its numcrical implementation in
CAP-TSD is found in Refs. 13 and 21.

For acroelastic analysis, two steps are generally
required in performing the calculations. In the first step,
the steady-state flow field is calculated to account for wing

thickness, camber, mcan angle-of-attack, and static
acroelastic deformation, thus providing the starting flow
ficld for the dynamic acroclastic analysis.  Previously
publishcd CAP-TSD flutter studies analyzed only
symmetric airfoils at zcro angle-of—attack13, thereby
avoiding the problcm of static aeroelastic deformations.
For the AFW, the wing is unsymmetric and rigged at a
non-zero anglc-of-attack, so a procedure for computing
static aeroelastic solutions had to be developed before an
accurate dynamic analysis could be performed. The
dynamic analysis would then be a perturbation about a
converged static acroelastic solution at each Mach number
and dynamic pressurc of interest.

The procedure developed and applied in this study for
computing static acroelastic deformations is to allow the
structure and aerodynamics to interact with no initial
excitation (no initial deflection or velocity) and with a
large value of viscous damping to prevent divergence of
the solution. This method resulted in convergence of the
generalized displacements. Static aeroelastic deformations
should be independent of viscous damping and different
values of viscous damping ({=.375, .707, and .99) were
evaluated. A typical result for this type of analysis is
presented in Fig. 2, which shows a representative
variation of a generalized displacement as a function of
computational time steps for three values of viscous
damping. It is clear from Fig. 2 that the convergence is
indecd independent of the value of viscous damping.

~£=0.375
gencralized £=070
dlsplac:mcm, e converged
1

result 7

time steps

Fig.2 Convergencc of gencralized displacements
for differcnt values of viscous damping.

Furthermore, the larger the value of viscous damping,
the faster the convergence. Therefore, the highest value
of viscous damping ({ = 0.99) was used in order to
accelerate the static aeroelastic solution. For the
applications presented herein, 1000- 2000 time sieps were
used to converge the static aeroclastic solutions. An
interesting result of this procedure is that it allows the
computation of static acroclastic deformations at dynamic
pressures above the flutter dynamic pressure for the AFW.

Once converged static aeroelastic solutions are
computed, the next step is to prescribe an initial
disturbance to begin the dynamic structural integration.



Disturbance (or modal) velocities in the first three modes
are used as initial perturbations. About 7 cycles of the
lowest frequency (first) mode were needed for accurate
modal identification. For a constant, non-dimensional
time step of .01, this required 4000 time steps in the
heavy gas and 8000 time steps in air. In determining a
flutter point, the freestream Mach number, M., and the
associated freestream speed, U, were held fixed. A value
of the dynamic pressure pU2/2 is then used and free decay
transients are computed. These resulting transients of the
generalized coordinates are analyzed for their content of
damped or growing sine-waves, with the rates of growth
or decay indicating whether the dynamic pressure is above
or below the flutter value. This analysis then indicates
whether to increase or decrease the value of dynamic
pressure in subsequent runs (o determine a neutrally stable
result.

a) complex decay record

mode 1
//modeZ

offsct

‘time stcps
b) identified modal components
and offset

Fig.3 Example of dynamic dccay rccord and its
modal componenls.

Modal Identificati

As previously mentioned, CAP-TSD gencrates
free decay transicnts that must be analyzed for the modal
stability characteristics. A typical transient for the AFW
model, calculated using CAP-TSD is shown in Fig. 3(a).
The first three modes used in the analysis were cxcited by
specifying an initial condition for cach modal velocity to
produce a complex decay record. This record is analyzed
using a lcast-squares curve-fit of the response data with
complex exponential functions. The program utilized is a
derivative of the one described in Ref. 22, The
components of the transient of Fig. 3(a) arc plotied in
Fig. 3(b) to the same scale. The frce decay properties of
cach mode for this condition are rcadily apparent and the
mean or offset value is the static acroclastic deformation
of the mode being analyzed. A sufficient range of

dynamic pressure must be considered to determine all
relevant flutter points.

ANALYSIS AND RESULTS
CAP-TSD Computational Model

The AFW geometry data was obtained from Rockwell
International, including detailed airfoil shape information.
From this geometry data, a half-span model, with
symmetry specified at the centerline, was generated. This
CAP-TSD model consists of a fuselage, the addition of
the region aft of the main wing and next to the fuselage
referred to as the coat-tail, the main wing with all four
control surfaces, and the wing tip ballast store. The grid
dimensions for this model are 134x51x62 in the x-, y-,
and z-directions respectively for a total of 423,708 grid
points. The grid extends 10 root chords upstream, 10 root
chords downstream, 2 semi-span lengths in the y-
direction, and 10 root chords in the positive and negative
z-direction. Modelling of the wind-tunnel sting mount is
done by extending the computational fuselage aft to the
downstream boundary. The grid density is increased in
regions where large changes in the flow are expected, such
as at the leading edge, trailing edge, wing tip, and
control-surface sides and hinge lines. The four control
surfaces are the leading-edge inboard (LEI), leading-edge
outboard (LEO), trailing-edge inboard (TEI), and trailing-
edge outboard (TEO). Each control surface has a chord
that is 25% of the local chord and a span that is 28% of
the semi-span. The airfoil definition includes the control
surface actuator bumps on the outboard half of the wing.
There also exist slight discontinuities on the wind-tunnel
model where wing box and control surfaces meet (at the
quarter- and three-quarter chord). These discontinuitics are
not included in the analytical model because of potential
numerical difficultics. The effect of the actuator bumps
and the control surface/wing box discontinuitics on the
measurcd and compuicd static pressure distributions will
be presented in a subsequent section. A computer-
gencrated picture of the CAP-TSD model of the AFW is
shown in Fig. 4. Although not shown in the figure, a

Fig. 4 CAP-TSD computational modcl of the AFW,



protrusion on the underside of the fusclage that houses the
model's pitch actuator is also included in the analytical
model.

Analytical modes and frequencics were oblained from a
finite-element model and scparated into symmetric and
antisymmetric modal data sets. The flutter analysis was
performed using analytical mode shapes with measured
frequencies (ground vibration test). The symmetric data
was shown by linear analysis15 to be the most flutter
critical in the higher, subsonic Mach number regime and
so only these were analyzed in the present study. A total
of eight symmetric modes were included in the model.
The interpolation of mode shape displacements and slopes
at the computational grid points is donc via a surface

splinc23. Each structural scction was splined separately
and then recombined to form the necessary input 1o CAP-
TSD. The separate structural sections are the wing box,
coat-tail, and the four control surfaces. Slender bodics
such as the fuselage and tip ballast storc are not given any
modal definition in CAP-TSD, as was previously
mentioned, therefore no modal data was necded for these
componenls.

Static Aeroclastic Resul

The accuracy of the static acroclastic solution can
be determined by comparing analytical rcsults with
existing experimental data. There were three scis of
experimental data, from the previous AFW tests in the
heavy gas, available for this purposc. This data included :
1) pressure coefficient distributions; 2) control-surface
cffectivencss paramcters; and 3) static deflection data
computed from experimental pressure distributions due to
control-surface deflections!4. It should be noted that the
comparisons with thc sccond and third sects of
experimental data are not a direct assessment of the static
acroelastic procedure alonc, since the accuracy of the
control surface modelling within CAP-TSD is obviously
an integral part of the rcsult. Static deformation data with
no control surface dcflection is desirable, but,
unfortunately, not rcadily available. Both scts of data,
however, are uscful in obscrving the trends and behavior
of the static acroelastic procedure as well as the control
surface modelling within CAP-TSD. Note that the AFW
configuration for these previous tests did not include the
tip ballast storc used in the rccent test.  For the CAP-
TSD calculations to comparc with the earlicr experiments,
the tip ballast storc was deleted and the tip fairing added.

Pressure distributions- Figurc 5 presents pressurc
coefficient distributions versus percent chord for CAP-
TSD and expcriment at Moo = (.9 and a dynamic pressure,

q. of 150 psf at the three span stations shown, where 1 is
the percent semi-span.

The overall agrcement between analysis and
experiment is good, with some discrepancics occuring
near the trailing edge and wing tip. The first two span
stations compare remarkably well from the leading cdge
up to about sixty percent of the local chord. Sudden
changes in the flow can be secn near the quarter-chord at

the second span station and near the three-quarter chord for
all thrce span stations. These disruptions in the flow may
be caused by the previously-mentioned physical
discontinuities where wing box and control surfaces meet.
At the second and third span stations, the effect of the
actuator bumps on the lower surface pressures is evident.
Agreement between analysis and experiment deteriorates at
the third span station, possibly due to separated and/or tip
vortex flow around the wing tip region.

Analytical and experimental pressure data werc
also compared at a lower dynamic pressure (q=36 psf)
although not presented herein. Since the static acroelastic
deformations at the higher dynamic pressure (q=150 psf)
are larger than at the lower dynamic pressure (q=36 psf),
the results at the higher dynamic pressure (Fig. 5) provide
a more stringent test of the static aeroelastic procedure.
Surprisingly, therc exists an overall improvement in
correlation between analytical and experimental pressure
distributions at thc higher dynamic pressure. This is
possibly due to the fact that at the higher dynamic
pressure, the flow tends to remain attached over a larger
portion of the wing than at the lower dynamic pressure,
crealing a condition that is closer to the TSD assumptions
of inviscid, attached flow.

- CAP-TSD Exp
upper | ———— o
fower =———-— ]

Fig. 5 Comparison of pressure distributions at Mco=0.9
and g=150 psf in the heavy gas.



At Moo = 0.95, g=36 psf, the analytical and measured
pressure distributions differ significantly (not shown
here), specifically, in the shock strength and location,
Typical for isentropic, inviscid flow theory, the shockis
predicted too far aft and too strong when compared with
experimental results. Even thc use of vorticity and
entropy corrections in the analysis did nol improve the
results significantly. There arc cvidently other nonlincar
flow cffects (scparation, boundary layer) and a greater
sensitivity to differences in the computational and
physical airfoil shape that weaken the comparison at this
test condition.

Control-surface effectiveness- For the control-
surface cffectiveness parameters, the present study
investigates only the lift coefficient due 1o control-surface
deflection for all four control surfaces at onc Mach
number and dynamic pressure. This was not meant to be
an extensive investigation into the control surface
capabiliticsof CAP-TSD as a dctailed analysis of this
capability would requirc a grid convergence study to
determine the effects of varying grid densities in the
vicinity of the control surfaces' sides and hinge lines.
Furthermore, with deflected controls, boundary layer
cffects are expected to bc significant and affect the
cffectiveness of the controls whereas the current
calculations are for inviscid, attached flow.

The analysis was performed in much the same way
that the data was measured in the wind wnncl. For cach
control surface deflection, thc model was allowed to
converge o a static aeroclastic solution and the resulting
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Fig. 6 Control surface clfcctivencss, Moo=0.9,
q=150 psf in the hcavy gas.

lift cocfficient was recorded. Expcrimental data was
available al +5, -5, and O degrees of control surface
deflection. Figure 6 presents the comparison between
CAP-TSD and cxpcrimental control surface effectiveness
parameters for all four control surfaces at Moo = 0.9 and
q=150 psf.

It can be scen that the trailing-edge controls arc
analytically more cffective than the experimental results,
whilc the Icading-cdge controls are analytically less
effective. It is quite possible that at the leading-edge,
vortex flows induced by the control surface deflections are
enhancing the cxperimental effectiveness of the control
surfaces. At the trailing cdge, however, separated and
boundary layer flows may be reducing the mecasured
control surface cffectiveness, most noticeably outboard.
The fact that the LEI control surface correlates the best
with experiment at this flight condition is consistent with
the fact that the best pressure correlations are at the
leading edge and inboard of the wing. The TEI control
surface results are surprisingly good, mostly due to the
large loads generated by this surface, thereby reducing the
rclative error. Comparison between analysis and
experiment for the TEO control surface is poor, probably
duc to viscous (boundary layer) and tip vortex flows, not
modelled in TSD theory. . ,

In general, the prediction of control surface
effectiveness parameters by CAP-TSD can qualitatively
identify the most effective (TEI) and least cffective (TEO)
control surface, but improvement is nceded for
quantitative prediction.

Static_Aeroelastic Deflections- The third and final
sct of data is static acroelastic deflections. In order to
determine wing deflections, a distributed, coarse grid
of vertical forces using experimental pressure
distributions was comp,utg(j!"'. These forces were then
multiplicd by the model's measured structural flexibility
matrix to obtain wing deflections. These deflections are
therefore quasi-cxperimental, since they were not measured
dircctly. The CAP-TSD wing deflections were computed
by the summation of the products of each converged
generalized displacement (from the static aeroelastic
solution) with its corresponding mode shape. Figure 7
gives the comparison of the quasi-experimental and the
CAP-TSD wing dcflections along the chord, or wing
station, at thrce spanwise locations due to a TEO
deflection of plus five degrees (trailing-edge down) at Moo
= 0.9, q=150 psf, Tt should bc mentioned that thcse are
the resultant modal deflections and not the actual shape of
the wing, since the latter should include the downward
deflection of the TEO control surface.

The larger analytical deflections are consistent with
the larger analytical loads predicted for the TEO control
surface (Fig. 6). The nawre of the wing deflection is well
described with both analysis and experiment showing a
bend-up, twist-down deformation. The corresponding
results for a TEO control surface deflection of minus five
degrees, not presented here, compared better in terms of
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Fig. 7 Comparison of quasi-cxperimental and
analytical static acroelastic deflections,
Mo=0.9, q=150psf in the heavy gas.

the magnitude of deflections and moderately well in
predicting the amount of twist at thc wing tip. However,
the resulting deformations (quasi-experimental and
calculated) were much smaller for the minus five degree
control surface deflection.

Based upon these results, the static aeroelastic
solution is viewed as a reasonably accurate approach. The
accuracy of the solution, when combined with control
surface deflections, is diminished although the trends
remain within reason. Methods for improving the static
aeroelastic solution include the application of measured
mode shapes (the prescnt aeroclastic analyses uses
analytical mode shapes with measured frequencies) and an
increased number of mode shapes. Improvement of the
control surface modelling may be possible by a finer grid
at the control surface boundaries and limiting application
1o small deflection angles. This may only be valid for the
leading-edge controls, since incorporation of boundary
layer and scparated flows will probably be necded for
improvement in the modelling of the trailing-edge control
surfaces .

Dynamic Results
Results _in the Heavy Gas- The root locus of the

first four clastic modes with nonlincar acrodynamics for
Moo = 0.9 and 1.5 degrees angle-of-attack with no viscous
damping is presented in Figure 8. Tt should be mentioned
that the wing tip ballast store is included in these results.
The flutter mechanism involves the coalescence of the
sccond (first bending) and third (first torsion) elastic
modes resluting in a flutter dynamic pressure of 213 psf
and a flutter frequency of 9.7 Hz. The branch of the root
locus for first bending yields the flutter condition.

The resultant flutter boundary, Mach number versus
flutter dynamic pressure, and corresponding flutter
{requencics, are shown in figure 9. A modcrale lransonic

{requency, rad/sec
100

2nd

orsion qp= 213 pst
ff = 970Hz
y a A
ll(j[ ion Ist
310 bending € %
q.psf
O 180 e Sting
0 200 mode
© 220
A 240
L 1 L N

damping, 1/scc

Fig. 8 Root locus of first four elastic modes with
nonlinear aerodynamics, Mee=0.9, alpha=
1.5 dcg, and no viscous damping.

flutter "dip" is evident, with the bottom of the "dip" at
Moo = 0.95, a dynamic pressurc of 153 psf and a flutter
frequency of 9.2 Hz.

It is interesting to notc that, in the flutter analysis
with doublet lattice (linear) acrodynamicsl5 , the predicted
flutter mechanism is a torsion-dominated (third mode)
instability for all Mach numbers analyzed in the heavy
gas. The nonlincar acrodynamic terms are, therefore,
altering the nature of the flutter mechanism from a
torsion-dominated instability to a bending-dominated
instability, as seen in Fig. 8.

- psf -

10.6

200 (1063)

9.20)
100~
0 _N ! i J
08 0.9 1.0 1.10
Mach Number

Fig. 9 Flutter boundary with nonlinear acrodynamics
at alpha=1.5 deg and no viscous damping in
the heavy gas.
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Fig. 10 Root locus of first four clastic modes with
nonlinear acrodynamics at Moo=0.5, alpha=
1.5 deg and no viscous damping, in air.

Results jn Air- Figure 10 is the root locus computed

using nonlinear acrodynamics at Moo = 0.5 and 1.5 degrees
angle-of-attack with no viscous damping. Although the —

aerodynamics at Me = 0.5 are lincar, the analysis was
performed using the nonlincar acrodynamic equations so
that the effect of the nonlinear terms on the flutter
mechanism could be evaluated as Mach number was
varied. Figure 10 shows the coalescence between the
second and third modes, with the third mode (torsion)
dominating the instability at a dynamic pressure of 245
psf and a flutter frequency of 11.14 Hz. The flutter
analysis using linear aerodynamics in air!3 also predicted
a torsion-dominated instability for all Mach numbers from
Moo = 0.5 t0 Moo = 0.9 (highest Mach number cvaluated).
This implies that the nonlincar terms have little effect on
the acrodynamics at Moo = 0.5, as expected.

The root locus for Mo =_0.85 with nonlincar
aerodynamics at 1.5 degrces angle-of-attack and no viscous
damping is shown in Fig. 11, with a flutter dynamic
pressure of 204 psf and a flutter (requency of 9.55 Hz. At
Mo = 0.85, a reversal of thec dominant flutter modce from a
orsion-dominated instability (Moo = 0.5) to a bending-
dominated instability is noticcd. Since the dominant
flutter mode, predicted with lincar acrodynamics, does not
vary with Mach number, this rcversal of the dominant
fluticr mode between Moo = 0.5 and Moo = 0.85 (and at
Mo = 0.9 in the hcavy gas), is a mecasurc of the
increasing sensitivity to differcnces in the acrodynamic
modclling. As Mach numbecr is further increased, the
dominance of the bending fluticr mode continucs to grow,
as il approaching a single-degrec-of-frecdom (bending)
instability. This is consistent with the result by Isogai].
Reference 1 shows that for a two-dimensional wing (with
vibrational propertics similar to those of a typical,
streamwise section of an aft-swept wing), the flutter
mechanism at subsonic Mach numbers is the classical

bending-torsion instability, driven by the phase lag
between the two modes.  As Mach number is increased,
however, the phasc lag between the two modes is
gradually reduced to near zero, signaling the presence of a
single-degrec-of-freedom motion, or bending in the case of
Refl. 1.

Figure 12 is a plot of Mach number versus flutter
dynamic pressure at 1.5 degrees angle-of-attack and no
viscous damping. A scvcrc transonic flutier "dip” is
present, with the bottom of the "dip” at Meo = 0.93, a
dynamic pressure of 20 psf and a flutter frequency of 7.16
Hz. A variation in transonic flutter "dip" between air and
the heavy gas is expected since, as Mykytow24 pointed
out, the greater the mass ratio, the greater the transonic
flutter "dip". Reference 1 supports this statement by
showing that increascs in mass ratio drive the acroelastic
system towards an carlicr onsct of the nearly single-
dcgree-of-freedom instabilty. The AFW model in air
expericnces about double the mass ratio experienced in the
heavy gas, and the effect of this increase in mass ratio can
be seen in Figs. 8 and 11. The Me = 0.85 flutter
mcchanism in air (Fig. 11) exhibits a slightly stronger
bending-dominated instability than the Moo = (0,90 flutter
mechanism in the hcavy gas (Fig. 8). However, the
magnitude and steepness of the "dip" in air is surprising.

-of - iations- The
structural damping of the AFW model was determined
from GVT tests to be about 1.5 % critical damping. In
order to account for this, flutter analyses were performed
at Mg = 0.5, 0.9, 0.93, and 0.95 with a viscous damping
value of 0.015 for cach mode. Note that the static
acroclastic analysis for these cases did not have to be
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Fig. 12 Effect of viscous damping and angle-of-
attack on the flutter boundary in air.

rerun, since the viscous damping affccts only the dynamic
analysis. The flutter boundary including a viscous
damping of 0.015 at 1.5 degrces angle-of-attack can also
be seen in Fig. 12. The bottom of the "dip" is higher but
still at Moo = 0.93, going from a dynamic pressurc of 20
psf with no damping to 52 psf with damping; an increase
of 150%. At Moo = 0.5, damping incrcased the fluttcr
dynamic pressure by 50 psf from 240 psf to 290 psf, an
increasc of 21%. At Me, = 0.9, the increase in {lutter
dynamic pressure due to damping is SO psf, an increasc of
36%. Al M., = 0.95, the increasc in flutter dynamic
pressure due to viscous damping is 62%, from 50 psf to
81 psf. Thus the calculated flutter boundary for the AFW
in air is scnsitive to damping, varying from a moderate
sensitivity at Moo = 0.50 10 a strong sensitivity at Moo =
0.93.

In Fig. 12, the resultant fluttcr dynamic pressurcs at
Moo = 0.9 and Moo = 0.93 for O degrees angle-of-attack and
a viscous damping of 0.015 can also be scen. Decrcasing
the angle-of-attack from 1.5 to 0 degrces results in a
slight stabilizing effect at Moo = 0.9 and a significant
stabilizing effect at Moo = 0.93.  An angle-of-attack
variation performed at Moo = 0.5 revealed no difference in
flutter dynamic pressure, as would be expected.

Experimental Results

During wind-tunnel testing of the AFW, a subsonic
flutter point was encountered at Moo = (.5 and a =220
psf, but it was considercd to be antisymmctric and thus
cannot be comparcd with the current symmetric analysis.
It is spcculated that the symmetric and antisymmetric
flutter boundarics arc scparatcd subsonically with the
antisymmetric set being the most flutter critical in this
rcgime; the two instabilitics appear to be close, however,
at transonic Mach numbers.

During transonic flutler testing, three flutter points in
the Mach number range from 0.9 to 0.93 were
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encounicred. Figure 13 presents the CAP-TSD predicted
flutter boundary at 1.5 degrees and .015 viscous damping
(Fig. 12), the predicted lincar (doublet lattice) futter
boundarics for symmetric and antisymmetric modes!©,
and the four experimental flutter points. The Moo = 0.9
and M = 0.93 experimental points were also considered
to be antisymmetric and are, again, not comparable with
the present results. The Moo = 0.92 result, however, was
identificd as a symmetric instability, which comparcs
extremely well with the CAP-TSD prediction. The
experimental flutter frequency was about 8 Hz and the
analytical flutter frequency was 7.8 Hz. As Fig. 13
shows, the lincar analyscs predicted differcnt trends with
increasing Mach number.

The no-flutter track in the tunnel (shown in Fig. 13)
indicalcs that the bottom of the experimental transonic
flutter "dip™ was at about Mo = 0.93 and a dynamic
pressure of 146 psf, much higher than that predicted by
CAP-TSD analysis. This is not all that surprising since
the discrepancies between TSD theory and experiment that
cxist in the heavy gas at Mo = 0.95 could be occuring at
Moo = 0.93 in air. That is, at Moo = 0.93 in air, the flow
could be predominantly viscous, rendering TSD theory
inadequate al this condition. Unfortunately, there is no
pressure data in air to verify this. This would explain
why CAP-TSD is accurate in the region betwecn Moo =
0.9 and 0.92 (shocks, but possibly limited amounts of
viscous flow) and why it is inaccurate at just a slightly
higher Mach number, Moo = 0.93, where viscous flow
may be dominant. A conclusive answer to this
discrepancy at Mo = 0.93 requires additional
investigation.

CAP-TSD doublet lattice
300 - symmetrc
antisymmelric
qf , pSf i
o symmetric
200 .
¢xperiment
O antisymmetric
© symmaelric
100 -°
no-flutter track

ONN~TT T T T T

0.5 0.7 0.9
Mach Number

Fig. 13 Comparison ol linear, nonlincar, and cxperi-
mental fTutter boundaries in air.



The goal of this study was to define the transonic
flutter boundary of the AFW wind-tunncl model, for
guidance during flutier iesting, and to evaluate the flutter
prediction capability of CAP-TSD for a complete and
realistic configuration. The static aeroclastic and dynamic
behavior of the AFW was investigated and comparcd with
cxperiment,

The static acroelastic procedurc developed was shown
to be reasonably accurate. The accuracy of the procedure
is reduced as control surfaces are deflected, probably due to
viscous and vortex flows not addressed by TSD theory.
As expecled, the accuracy of the static aeroelastic solution
at a given dynamic pressure and Mach number depends on
how well the TSD assumptions represent the flow at that
condition.

__ Flutter results in the heavy gas revealed a modcrate
transonic flutter dip at Moo = 0.95, while the flutter
boundary in air resulted in a stcep dip near Moo = 0.93 due
to the increcase in mass ratio. The flutter boundary in air
demonstrated increased sensitivity to damping and angle-
of-attack variations at transonic Mach numbers. The
resultant flutter boundary provided valuable guidance
during flutter testing of the AFW, as demonstrated by the
excellent match between theory and cxperiment in air at
Mo = 0.92. The CAP-TSD results at Mo = 0.93,
however, were inaccurate. At this Mach number, viscous
effects may be dominating the flow, rendering TSD theory
inapplicable. Until viscous acroelastic codes arc fully

“developed, however, the use of the CAP-TSD code for
predicting the transonic aeroclastic behavior of a flexible
wind-tunncl model, the AFW, was very valuable.
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